How long our fossil fuel resources will last of course depends on how we use them. Figure 1 shows three possible fuel use scenarios. All start with our present use (measured in term of the heat content of the fuels in exajoules or 10 18 joules).
All end in 2105 delivering a European level of energy of 7 kW per person to 10.5 billion people (the world population at 2105). All thus meet the goal of raising everyone to a European standard of living by 2105.
The business as usual scenario grows the fossil fuels exponentially in their current proportions to 2055, and then exponentially phases in zerocarbon energy sources.
The substitute gas scenario does the same, but phases out coal and holds oil constant by gas substitution over the first 50 years.
The low carbon fast scenario phases out fossil fuels with zerocarbon energy sources immediately. Tables 1 and 2 integrate the fuel consumed in these three scenarios, both in terms of their conventional measures (barrels, trillion cubic feet, tons) and in terms of the carbon dioxide they will put into the atmosphere. Figure 1 is the fuel use scenarios considered in Cathles(2012) , which can be found here. The tables and the discussion below are from a paper (Cathles 2013 , in press) which will be electronically released in September by the Geological Society of London. A link to it will be provided when it is released. %RB is the percent of the resource base consumed. GtC/PAL in the last row is the number of times the preindustrial carbon content of the atmosphere has been introduced by the burning of fossil fuel in the scenario. The gigatonnes of carbon released to the atmosphere are shown in parentheses. The reduction of GtC carbon introduced into the atmosphere in the swap-gas scenario is 46% of that achieved in the low-C-fast scenario. PAL is the pre-industrial carbon content of the atmosphere. At 280 ppmv CO 2 the pre-industrial atmosphere contained 595 giga tons of carbon. Table 1 shows how much fossil fuel is consumed in each of the 100-year scenarios shown in Figure 1 . The consumption is shown in conventional units, in billions of tonnes of oil equivalent (Gtoe), and as a percentage of the ultimate quantity of fossil fuels it is thought possible to recover, the percent consumption of the resource base, %RB, as estimated by Rogner (1997) .
Reserves are the quantity of a material that can be economically and technically recovered at the present time. They can be considered stocks that are continuously replenished from resources as technical and economic changes occur. Historical experience suggests that in the long run technology caps price increases, and converts resources to reserves, right up to the point where almost all the resource it is possible to recover (the so-called resource base) has been recovered. As present reserves are depleted, prices rise and encourage and fund technological innovations, which convert resources to reserves, which causes the price to again fall. The price road is bumpy, but Rogner and other economists argue, convincingly I think, that this bumpy price oscillation means that nearly the full resource base will be consumed before prices rise significantly in a prolonged fashion, and recovery is strongly and permanently curtailed.
Rogner's global reserve base estimates for gas, oil and coal are shown in Table 2 . Gas hydrates are considered unrecoverable "occurrences" which lie outside the resource base. However, shale oil and shale gas are included, and, apart from not including hydrates, Rogner's estimate of the reserve base is generously large. For example the world has consumed to date about a trillion barrels of oil (tbo) (134 Gtoe), so Rogner's resource base is about 6 times the oil we have currently consumed. His resource base indicates that 5 tbo remains to be produced. A Hubberts peak analysis (Deffeyes, 2005) of conventional production suggests about 1 tbo remains to be produced, and the latest USGS estimate of remaining oil is about 2.3 tbo (http://pubs.usgs.gov/dds/dds-060/). Tables 1 and 2 reveal several important facts about the longevity of our fossil fuel supply and its environmental impact. First, Table 1 shows that a significant fraction of the resource base of oil and gas will be consumed in the fuel use scenarios shown in Figure 1 . In the business-as-usual scenario, 59% of the resource base oil and 50% of that of gas will be consumed. In the substitute-gas scenario 41% of the oil and 103% of the gas resource base will be consumed. This means that there must be a transition from these fossil fuels to alternative energy sources on a time frame not too dissimilar to that illustrated in Figure 1 . Over a period of about 100 years we will be transitioning away from oil and gas to other energy sources. Only the economic extraction of methane from gas hydrates would significantly change this picture.
Second, Table 1 shows that coal resource base will not be significantly depleted in any of the scenarios considered. This is not surprising for the last two scenarios in which coal is phased out as an energy fuel over the next 50 years. But even in the business-as-usual scenario, where we continue to increase the use of coal for 50 years, only 15% of the resource base of coal will be consumed in the full 100 year transition.
Third, Tables 1 and 2 also show how much CO 2 would be released to the atmosphere if the resource base of the fuels was consumed, or if the consumption scenarios shown in Figure 1 were carried out. The CO 2 carbon produced and released is expressed as a ratio to the CO 2 carbon in the atmosphere in preindustrial times (the PAL). Table 2 shows that the burning of the full resource base of either gas or oil would introduce about 1 PAL to the atmosphere (e.g. each would introduce an amount of carbon that would double the amount of CO 2 in the pre-industrial atmosphere if it was not removed in any fashion), but burning the coal resource base would release 6.6 PAL. The threat to global warming thus comes mainly from coal, and less so from oil or gas.
Finally, the amounts of CO 2 that are released in the three scenarios shown in Figure 1 are shown in Table  1 . The business-as-usual scenario would introduce more than 2 PAL, the substitute-gas scenario 1.6 PAL, and the low-carbon-fast scenario 0.9 PAL. Substituting gas for coal and new oil reduces the CO 2 input to the atmosphere by 46% of that which could be achieved by the fast substitution of zero-carbon energy sources (Cathles, 2012) .
A rule of thumb in global warming is that permanently doubling the pre-industrial atmospheric CO 2 will raise the average global temperature by 3°C. The carbon inputs to the atmosphere shown in Table 1 do not translate directly to temperature increases, however, for three reasons: first CO 2 is removed from the atmosphere, and so the increase in atmospheric CO 2 levels will be less than that released; second, if the increases in CO 2 output are temporary, the ocean uptake of the heating pulse slows and diminishes the warming; and third, CO 2 is not the only greenhouse gas involved in the burning of fossil fuels. Methane is released in the mining of coal and in the production and delivery of natural gas, and the global warming impact of methane needs to be taken into account. Figure 1 . The CO 2 and methane released in producing and combusting the fuels are added each year to the atmosphere and removed in subsequent years in an appropriate fashion. The ultimate change in global temperature is computed and modified by heat exchange with the oceans. The methods used to calculate the warming are standard and non-controversial, and are described in Cathles (2012) where many additional details can be found. The business-as-usual scenario produces warming that peaks at about 1.8°C in 2105 and then declines very slowly as the 26% fraction of the introduced CO 2 is removed with a decay constant of 173 years. In the long term, the substitute-gas scenario reduces the warming by about 40% of that achieved in the low-carbon-fast scenario, and achieves this reduction during the transition as well, provided the leakage rate of methane is between 1 and 3%, as appears to be the case today. Even if the leakage rate were an implausibly high 10% of gas consumption, and the substitute gas scenario provided no reduction in global warming over the 100 year transition period, the 40% reduction would still be realized later because methane leaves the atmosphere quickly (exponential decay time of 12 years) as soon as gas production stops. The warming shown in Figure 2 is of the magnitude one might expect. For example, CO 2 removal reduces the 2.13 PAL input in the business-as-usual scenario to ~0.9 PAL, and the bit less than 3°C warming predicted for this increase in atmospheric CO 2 is reduced by ~1°C by heat exchange with the ocean.
